Abstract Published spawning seasons of sparid Wsh were investigated to determine if there were consistent patterns that could be related to large-scale physical variability, and whether these relationships were species-speciWc or characteristic of higher taxonomic groupings. For individual species, genera and the family Sparidae as a whole, there was a consistent pattern; spawning at lower latitudes was concentrated close to the month of lowest sea surface temperature, while spawning at higher latitudes was more variable with greater deviations from the month of minimum sea surface temperature. The distribution of sparids may be limited by a lack of tolerance of one or more early lifehistory stage to high water temperatures, so targeting spawning to the coolest part of the year could be a tactic allowing maximum penetration into warmer waters. Such a link between the physiology of early life-history stages and timing of spawning could have direct consequences for patterns of distributions over a number of taxonomic scales. If there are similar constraints on the reproduction of other species, even minor increases in water temperature due to global warming that may be within the tolerance of adults, may impose constraints on the timing of spawning, with Xow-on eVects for both species and whole ecosystems.
Introduction
Many events in the reproductive life of Wshes occur with clear periodicity, including within-year, within-spawning season, within-lunar cycle, and within-day patterns. The timing of events at each of these scales varies from species to species and from location to location. Some patterns of reproductive timing seem to have obvious explanations. For instance, many species of reef Wsh aggregate at reef passes to spawn at times of high tidal pressure (Shibuno et al. 1993; Hensley et al. 1994; Domeier and Colin 1997) . This is seen as a tactic to direct spawning to a time when eggs and larvae will be washed rapidly away from the reef and its associated high densities of plankton feeding Wsh (Shibuno et al. 1993; Hensley et al. 1994; Danilowicz 1995) . Similarly, in northeastern South Africa (Garratt 1993 ) the sparid, Acanthropagrus berda, spawns in the mouths of estuaries during night time ebb tides. This probably enhances dispersal and may again lead to reduced predation, as eggs are carried away from aggregations of predators in the mouths of the estuaries. The reproduction of A. berda also has a clear annual periodicity, with spawning conWned to winter months at both locations. In contrast to the timing of tidal periodicity, reasons for this annual pattern are not obvious.
What determines the actual timing of the spawning season of Wshes? There are many possible ecological, physiological, and phylogenetic reasons. These are not mutually exclusive, and each category of reasons could operate either through its eVect on adults, gametes, eggs, larvae, juveniles, or a combination of these. Ecological factors such as predation, competition, or food availability (quantity or quality), can inXuence the timing of spawning (Johannes 1978; Norcross and Shaw 1984) . For instance, spawning of the herring, Clupea harengus, seems to be timed so that larvae hatch at times when phytoplankton abundances are likely to be high (Winters and Wheeler 1996) . Alternatively, spawning time may be dictated by physiology. Particular times of the year may provide the best conditions (e.g., temperature or salinity) for adults to build up body stores that can then be used to elaborate mature gonads. A spawning period during or subsequent to this time would be likely to optimize reproductive output. Perhaps even more likely, spawning may be constrained to coincide with environmental conditions suitable for gametes, eggs or larvae, or targeted so that juveniles are produced at a time when conditions are suitable for survival and growth (Bye 1984; Norcross and Shaw 1984) . For instance, spawning of the puVer, Takifugu niphobles, is timed to both accommodate the needs of developing embryos and to provide the conditions needed for successful hatching (Yamahira 1997) . T. niphobles spawns intertidally, and developing embryos need day-time high tides to moderate temperature stress during intertidal incubation. Additionally, to ensure that hatching occurs during periods of submergence, incubation must be completed before neap tides.
The need to target spawning times to accommodate the physiological requirements of early life-history stages can have far reaching implications. For example, it has long been recognised that physiological constraints on spawning can impose limits on the distribution of species (Barnes 1958) . The physiological tolerances of a particular life stage may be peculiar to a particular species (Vladic and Järvi 1997) or related to phylogenetic constraints.
Species-speciWc physiological tolerances have two possible consequences for a species' distribution. If spawning seasons are Wxed, for example if they are cued directly to maximum or minimum photoperiod or controlled by a strict circadian rhythm (Follett and Follett 1981) , a species' distribution will be limited to areas where the spawning period coincides with suitable environmental conditions. Alternatively, if spawning seasons are not Wxed at a particular time of the year, a much broader distribution is possible, with stocks adjusting the timing of spawning to correspond with local optimal environmental conditions. Such an eVect has apparently occurred in the gobiid, Pseudogobius olorum, which has adjusted its period of spawning to accommodate high summer water temperatures in warm temperate estuaries (Gill et al. 1996) .
Rather than being species-speciWc, the pattern of timing of spawning may be a characteristic of a larger taxonomic group. If so, similar timing should be seen in species throughout the taxonomic group. Clearly, any link between the timing of spawning and environmental variables that is characteristic of higher taxonomic groupings (e.g., families) has considerable implications for the distribution, dispersal and biogeography of that taxon.
This study investigated why Wsh spawn when they do, with particular emphasis on broad scale relationships between timing of spawning and physical factors for one family of Wshes, the Sparidae. Sparids are a speciose and cosmopolitan family of Wshes. As well as possessing a circumglobal distribution, sparids can be found over a broad latitudinal range; they occur from temperate to tropical seas (Smith 1965) . Because of this broad geographic range, sparids live in, and must spawn under, a variety of combinations of physical conditions. The need to spawn under a diversity of conditions allows the possibility of investigating if and how the timing of spawning (at the species, genus and family level) changes in response to diVerences in the physical environment.
Three questions were addressed with data obtained from a review of the literature on the spawning seasons of sparid Wshes. Firstly, are there consistent spatial diVerences in the timing of spawning of sparid Wshes? Secondly, if there are spatial diVerences in the timing of spawning can these be related to environmental factors? Thirdly, if the timing of spawning varies spatially and is related to environmental factors, is this a family level pattern or does it carry through to lower taxonomic levels (genus and species)?
Materials and methods
An extensive literature search was conducted to collect as many records of sparid spawning seasons as possible. Most sources were accounts published in international journals but other reliable sources, such as FAO (Food and Agriculture Organisation) Fisheries Reports and reports of government Wsheries organisations, were also used. Only studies that reported year-round gonad maturity data (or at least data including pre-reproductive, reproductive and post-reproductive periods), or studies that made clear statements about peak spawning month(s) or spawning periods were considered. Where original source literature was not available, some secondhand reports were included if they seemed reliable (i.e., were reported secondhand as a quantitative statement) and added to the scope of the data set. Studies with data for part of the spawning period or that reported spawning only to the resolution of a season were not included. The Wnal usable data set comprised 98 records of spawning season, from 82 studies on 23 genera and 49 species and subspecies (Table 1) , from a broad cross-section of areas around the world (Fig. 1) . Where doubt existed as to the synonymy of species or subspecies they were included separately. Paulin (1990) is followed in using the name Pagrus auratus.
Spawning data were reported in many diVerent ways in the studies reviewed. For instance, clear criteria for the start and Wnish of the spawning period were rarely given, and where they were, the criteria often diVered between studies. A single value representing the centre of the spawning season was used to standardise data as much as possible. Where reported, the duration of the spawning season was used to calculate the median spawning month. Where only the peak spawning month was reported, it was assumed to represent the median spawning month. Where both the duration of spawning and peak spawning month were reported, the median spawning month calculated from the duration of spawning Day et al. (1981) , Garratt (1993) , Kyle (1986 in Garratt 1993 , Wallace (1975) Crossland (1977) , Scott and Pankhurst (1992) , Kailola et al. (1993) Geoghegan and Chittenden (1982) , Sheridan et al. (1984) chrysops Bigelow and Schroeder (1953 ), Finkelstein (1969a in Geoghegan and Chittenden 1982 , Finkelstein (1969b 1971 in Eklund and Targett 1990) usually fell in the same month or within 1 month of the peak spawning month. In this case the median calculated from the duration of spawning was used in preference to the peak spawning month because criteria for the designation of peak spawning month were often unclear. Because duration of spawning was often an even number of months, median spawning month often fell between 2 months. Consequently, median spawning month data consisted of 24 half-monthly categories. One species, Pachymetopon blochii, was excluded from the analyses. As P. blochii is a year round spawner with two spawning peaks (one summer and one winter) (Pulfrich and GriYths 1988) , no clear median spawning month could be calculated. Spawning data were variously reported at resolutions that ranged from site-speciWc reports (e.g., a particular estuary) to region-speciWc reports (e.g., oV the coast of a particular country). Except where individual species patterns are considered all data are assumed to relate to a region-speciWc scale.
Data analysis
For all sites for which there were sparid spawning data, mean monthly sea surface temperature (SST) information was compiled from Halpern et al. (1997 Halpern et al. ( , 1998a 1999 , 2002a . These publications referred to the years 1994-2001. For each site the minimum SST and month in which minimum SST occurred was calculated as a mean of the records. The relationship between spawning month and SST was investigated in two ways. Firstly, to consider the full scatter of data, the deviation (in months) of median spawning month from the month of minimum SST was plotted against mean annual SST. This relationship was plotted both for the family (i.e., all data records ignoring genus or species identities), and the genus level for Acanthopagrus (20 reports) and Pagrus (11 reports), the genera with the most reports of spawning seasons (i.e., all data records for the genus disregarding species identities). Quantile regression, a technique for characterising the boundaries of scatter diagrams that have polygonal shapes (Scharf et al. 1998) , was used to estimate the slopes of boundaries of the clouds of points in the family level scatter plot. The 80th and 20th quantiles were used as the estimates of the upper and lower boundaries, respectively. Because quantile regression involves minimising the sums of absolute residuals, it is resistant to outliers and sparseness in data sets. The approach used was similar to that of Scharf et al. (1998) except that more (1,000) bootstrap samples were used to estimate standard errors and signiWcance levels. At the genus level the data sets were too small for informative quantile regression. Secondly, the mean of the absolute value of deviation (in months) of median spawning month from the month of minimum SST, for each 0.5 increment in mean annual SST, was plotted against mean annual SST. This approach was used to focus on changes in the average variation away from the month of minimum SST. Linear regression was used to investigate the strength of the relationship. The regression was weighted by sample size to account for variations in sample size between increments, thus putting more weight on means that were more precisely estimated and reducing the inXuence of means based on little data. This approach was applied to both family and genus level data. Because of potential non-independence between family and genus level analyses, the family level analysis was run without the two common genera, Acanthopagrus and Pagrus. This resulted in no substantial changes in the patterns observed for SST or any other variable.
Similarly, for all latitudes for which there were spawning data, the minimum monthly photoperiod (Linacre 1992) and month of minimum photoperiod were calculated. To investigate the relationship between spawning month and photoperiod, the deviation (in months) of median spawning month from the month of minimum photoperiod was plotted against latitude (per 1°). The family level plot of deviation in spawning month from month of minimum photoperiod against latitude showed a bias towards positive deviations (Fig. 4) . To take account of this apparent lagged eVect, which could bias the regression result, the relationship was also investigated with deviations calculated relative to the mean of actual deviations (a lag of 1.6 months). Again, the relationships were considered at both the family level and for Acanthopagrus and Pagrus, with both quantile regression and linear regression approaches used in a parallel way to the analysis of mean SST.
Another physical variable likely to inXuence spawning month is salinity. However, because salinity varies on spatial scales much smaller than the region-speciWc resolution of the spawning data, meaningful salinity data at a comparable scale were generally not available. Consequently, regional rainfall data were used as a proxy for seasonal changes in regional salinity. Mean monthly rainfall data (MMR) were compiled from Jackson (1961), Arakawa and Taga (1969) , Watts (1969) , Arley (1970) , Escardo (1970) , GriYths (1972) , Schulze (1972) , Court (1974) , Mosino and Garcia (1974) , Prohaska (1976) , Cantu (1977) and Taha et al. (1981) . For each location the "dry season" was represented by the median month of the longest period below MMR, and the "wet season" by the median month of the longest period above MMR. Deviations in median spawning month from the median months of the dry and wet seasons were plotted against mean monthly rainfall, mean monthly rainfall during wet months, mean monthly rainfall during dry months and strength of seasonality (mean monthly rainfall of dry/mean monthly rainfall of wet). Again these relationships were considered at both the family level and for Acanthopagrus and Pagrus, with both quantile regression and linear regression approaches used in a parallel way to the analysis of mean SST.
There were suYcient data to consider the relationships between median spawning month of two species, Acanthopagrus australis (four records) and Pagrus auratus (six records), and SST and photoperiod at a smaller spatial scale, although the data sets were too small for statistical analysis.
Results
When data for all species are viewed at a family level, deviations in median spawning month from month of minimum SST are distributed fairly evenly before and after the month of minimum SST (Fig. 2) . For both the Northern (Fig. 2a) and Southern Hemispheres (Fig. 2b) [and consequently for the combined data set (Fig. 2c) ] there is a clear decrease in the deviation of median spawning month away from the month of minimum SST, as mean annual SST increases. At mean annual SSTs of about 20°C and below, the deviation in median spawning month of sparids away from the month of minimum SST varies greatly, with deviations up to 6 months. In contrast, for mean annual SSTs of 21°C and above, the maximum deviation from the month of minimum SST is 3.5 months, with only 3 deviations greater than 2.25 months from a total of 41 data points (Fig. 2c) . The reduction in deviation is signiWcant. Quantile regression analysis (Scharf et al. 1998 ) indicated signiWcant reductions in both the upper (80% quantile: y = 9.8 ¡ 0.30x, P < 0.002, n = 88) and lower (20% quantile: y = ¡8.0 + 2.50x, P = 0.022, n = 88) boundaries of the data with increasing SST (Fig. 2c) . Furthermore, the mean of the absolute value of deviation in spawning month decreased signiWcantly with increasing SST (Table 2 ; Fig. 3a) , reXecting the reduction in deviation with increasing minimum SST. This relationship was strong, as indicated by the high r 2 (0.7677) and large F-value (307.43).
The pattern of deviation in median spawning month of sparids from the month of minimum photoperiod (Fig. 4) is similar to that for SST, although not as distinct. At high latitudes there is considerable variation in deviation in median spawning month. At low latitudes the deviation decreases greatly. Again the pattern is similar for both the Northern (Fig. 4a) and Southern Hemispheres. In contrast to the situation for SST, the bulk of deviations from the month of minimum photoperiod are positive (i.e., after the month of minimum photoperiod). Despite the apparent pattern of decrease towards low latitudes quantile regressions were not signiWcant for either the upper (80%) or lower (20%) quantile boundaries. Again linear regression showed a signiWcant decrease in mean deviation in spawning month from the month of minimum photoperiod towards low latitudes (Table 2 ; Fig. 3b ), although the relationship was not quite as strong as for SST (r 2 = 0.6244; F = 152.92). The relationship was weaker (r 2 = 0.4869; F = 87.32) when recalculated to take account of the 1.6 month lag in average deviation after the month of minimum photoperiod (Table 2 ; Fig. 3c ).
Deviation in spawning from mid wet season or mid dry season had signiWcant relationships with most of the rainfall variables investigated (mean monthly rainfall, mean monthly rainfall of wet months, mean monthly rainfall of dry months, or strength of seasonality) ( Table 2; Figs. 5, 6), but in all cases the relationships were much weaker than for SST or photoperiod.
Duration of spawning was investigated for the same set of SST, photoperiod and rainfall variables, however, there were no correlations. This is perhaps not surprising given the variable quality of the data available.
The patterns of reducing deviation in spawning month from the month of minimum SST with increasing SST, and decreasing deviation from the month of minimum photoperiod with decreasing latitude, are repeated at the genus level for both Acanthopagrus (Table 3 ; Fig. 7) and Pagrus (Table 4 ; Fig. 8 ). For Acanthopagrus (Fig. 7) the relationship with SST was again the stronger, but for Pagrus the relationship with photoperiod was the stronger (Fig. 8) .
Data were available for Acanthopagrus australis for four sites spanning some 800 km oV the east coast of Australia between the Bribie Island/Noosa Heads area and Port Hacking (Fig. 9) . There are clear increases in the deviations in median spawning month from both the months of minimum SST and minimum photoperiod, with increasing distance south, towards higher latitudes and lower mean SST. Pagrus auratus demonstrate a similar pattern (Fig. 10) . In northern spawning populations on both the east and west coast of Australia, there is little deviation in median spawning month from either the month of minimum SST or month of minimum photoperiod. For populations at higher latitudes and lower mean SSTs (southern Australia and New Zealand), there is greater deviation (approx. 3 months) away from the months of minimum SST and minimum photoperiod. Thus the variation in timing of spawning of these two species over their latitudinal and water temperature ranges reXected the patterns at the family and genus levels.
Discussion
There is a clear pattern in the timing of sparid spawning at all taxonomic levels. At the family, genus and species levels, the spawning month of sparids tends to deviate less and less from the months of minimum SST and minimum photoperiod with increases in mean SST and decreases in latitude. At higher latitudes various species of sparids spawn at all times of the year, with peak spawning for some species (e.g., Cheimerius nufar for the Port Elizabeth area of South Africa) correlating with maximum sea temperatures and day length (Coetzee 1983) . In addition, some individual species (e.g., Pachymetopon blochii in the Cape Town area) spawn year round (Pulfrich and GriYths 1988) . At lower latitudes, with higher mean annual SSTs (21°C and above), the situation is quite diVerent, with spawning invariably concentrated in winter months. This pattern is repeated at the genus level. At the species level, in higher latitudes with colder temperatures both Acanthopagrus australis and Pagrus auratus show greater deviation in spawning month away from the months of minimum temperature and photoperiod than in low latitude locations with higher temperatures. This pattern is replicated on both sides of Australia for P. auratus. While there were relationships with rainfall, these were inevitably much weaker than those with temperature and photoperiod. Although rainfall might be an important driver of the timing of spawning it is more parsimonious to suggest that the much weaker relationships simply indicate a degree of correlation between rainfall and temperature/ latitude. It is not surprising that timing of spawning seems to be related to temperature and/or photoperiod. Many studies have suggested that one or both of these variables can profoundly inXuence spawning of Wsh in general (e.g., de Vlaming 1972; Gill et al. 1996; Mischke and Morris 1997) and sparids in particular (Dubovitsky 1977; Kadmon et al. 1985; Buxton 1990 ). In fact, for species such as the cyprinid, Leuciscus leuciscus (LobonCervia et al. 1996) and the gobiid, Pseudogobius olorum, (Gill et al. 1996) , life history tactics may be regulated by the inXuence of temperature on reproduction. For many temperate teleosts, photoperiod is seen as the most inXuential environmental determinant of reproductive development (Bromage et al. 2001) , with temperature only interacting to synchronize the Wnal stages of maturation (van der Kraak and Pankhurst 1997). However, recent studies suggest this is not necessarily the case, with both the onset and progression of maturation in striped bass, Morone saxatilis, regulated by water temperature, even when photoperiod was held constant (Clark et al. 2005) . Similarly, water temperature has direct eVects on vitellogenesis in other teleosts (Olin and von der Decken 1989; Kim and Takemura 2003) , and it has been shown for rainbow trout, Oncorhynchus mykiss, that the biochemical mechanisms of Vg mRNA transcription and Vg protein processing do not proceed normally at, inappropriate water temperatures (MacKay and Lazier 1993; MacKay et al. 1996) .
The lack of a strong relationship with rainfall (used here as a proxy for salinity) is not remarkable because salinity is usually considered to be less inXuential in determining the timing of spawning than temperature (Kinne 1964; Bye 1984) . For instance, the spawning of P. olorum is cued tightly on temperature (P. olorum spawns only between 20 and 25°C) but is insensitive to salinity (spawns over a range of salinities from 0.5‰ to more than 30‰) (Gill et al. 1996) .
At face value, it appears that the eVects of photoperiod and SST on sparid spawning season are completely confounded. This is to be expected because, despite the inXuence of patterns of oceanic circulation on sea temperature, there is a reasonable correlation between latitude and water temperature. However, there are two reasons for considering SST to be the inXuential factor. Firstly, except in the case of the genus Pagrus where the sample size is small, the relationships between temperature and deviation in spawning month and SST is consistently stronger than that with photoperiod. For mean annual SSTs of 21°C and above (41 records) the maximum deviation from the month of minimum SST is 3.5 months, with most deviations less than 2.25 months. In contrast, even among the eleven records at the lowest latitudes (26° and below) there were deviations from the month of minimum photoperiod of 4 and 5 months. Considering the possibility of a lag in the spawning/photoperiod relationship weakened, rather than strengthened, the relationship. Secondly, there is evidence for the pre-eminence of temperature in determining the timing of spawning of at least one sparid. In New Zealand waters, the timing of initiation and completion of spawning of Pagrus auratus shows interannual variation, but is tightly cued on water temperature; spawning commences at 15°C and Wnishes at 20°C (Scott and Pankhurst 1992) . Tight cueing of spawning to water temperature is not exclusive to P. auratus; a number of other sparids also spawn over a small range of temperatures (Manooch 1976; Manooch and Hassler 1978; Charvance et al. 1984) .
The relationship between SST and the timing of spawning has been investigated for some species of sparids. Although most authors have linked the timing of spawning to temperature (e.g., Dubovitsky 1977; Buxton 1990) , one study found no relationship (Abu-Hakima 1984) . Although the study suggesting a lack of relationship was conducted at a tropical location (Acanthopagrus cuvieri and A. latus in the Arabian Gulf (Abu-Hakima 1984)), it is not at odds with the results presented here because the author assumed that spawning should be associated with an increase in water temperature and did not consider the possibility of association with a decrease in temperature.
Why should tropical sparids target spawning to the coolest parts of the year when their more temperate counterparts do not? For locations included in the study where mean SSTs were 23°C or above, minimum SSTs ranged from 20-23°C; around the maximum temperature in most sites with mean SST of 20°C or below. Consequently, at the family level, temperatures experienced in winter (at spawning) by more tropical species are close to those experienced during warmer seasons by species in more temperate areas where sparid spawning seasons are more varied. Similarly, at the species level temperatures experienced during winter spawning by warmer water populations of a species are close to those experienced during warm seasons by populations in more temperate areas, where the deviation in spawning from the month of minimum water temperatures is greater. For example, the spawning of Pagrus auratus in New Zealand is controlled by temperature, with the initiation of spawn at about 15°C the Wnish of spawning at about 20°C (Scott and Pankhurst 1992) . Here, as in southern Australia, spawning deviates considerably from the month of minimum SST (Fig. 6) . Towards the northern limits of the range of P. auratus in the Australia/New Zealand region, on the west coast of Australia at Shark Bay, and the east coast of Australia around Moreton Bay, water temperatures only fall to the upper limits of the New Zealand range during the coolest months of the year (Halpern et al. 1997 (Halpern et al. , 1998a (Halpern et al. , b, 1999 (Halpern et al. , 2000 (Halpern et al. , 2001 (Halpern et al. , 2002a . In these areas, the spawning season of P. auratus deviates little from the month of minimum SST. Thus, by utilising winter spawning, tropical sparids can spawn over similar temperature ranges to more temperate species and/or populations, albeit at the cost of a shortened reproductive period.
Tropical sparids such as A. berda and A. australis occur in the same locations (estuaries) throughout the year (Sheaves 1992 (Sheaves , 1993 (Sheaves , 1998 , thus the temperature ranges experienced at these locations remain within adult tolerance levels. Despite this, both species spawn in winter, and in increasingly warmer waters the timing of spawning of A. australis moves progressively closer to the month of minimum SST. This, together with the family-wide relationship between SST and spawning season, suggests that thermal requirements for gamete development, or gamete, egg or larval survival, rather than thermal requirements of adults, may play an important part in determining the warm water limits of distribution of these species in particular, and sparids in general. If adults possess the physiological ability to withstand high temperatures but gametes, larvae, etc., do not, targeting spawning at times of minimum water temperatures is an obvious tactic to allow a species to maximise penetration into warmer waters. In essence, tropical sparids may be members of a temperate group, limited in distribution by the temperature tolerances of gametes, eggs or larvae, but maximising their penetration into conditions at the upper limits of their thermal tolerance by targeting spawning to times of low water temperature.
Although direct cueing of the timing of reproduction on water temperature to allow the production of gametes, eggs, larvae or juveniles when physical conditions are appropriate is an intriguing and plausible reason for the winter spawning of warmer water sparids, it is not the only possible explanation. Rather than a direct cue to accommodate the physiological needs of early stages, water temperature has often been suggested as a proximate cue that initiates gonad maturation and spawning, so that larvae are produced at times when their planktonic prey are abundant (Bye 1984) . For example, the timing of spawning of the osmerid, Mallotus villosus, is related to warming sea temperatures that lead to production of larvae when conditions are optimal for zooplankton (Carscadden et al. 1997) . Similar suggestions have been made for sparids. For instance, for both Acanthopagrus butcheri (Newton 1996) and Calamus proridens (Dubovitsky 1977 ) spawning cues on cold water temperatures leading to larval production at the period of maximum plankton abundance. While it may be the case that the timing of spawning does lead to a match between larval production and plankton productivity, this seems likely to be incidental or of secondary importance in warm water sparids. For this to explain the contraction of the spawning season of warm water sparids to the coolest part of the year, plankton productivity cycles would need to become increasingly seasonal and targeted everywhere to a single time of the year. This does not seem to be the case, because it has long been recognised that in tropical and subtropical areas planktonic productivity is relatively constant and extends over a longer period of the year than in cooler waters (Cushing 1975) . On balance, it seems that timing reproduction to allow for the physiological needs of early life-history stages, is a more parsimonious explanation. Clearly, the links between water temperature, timing of spawning and distribution of sparids suggested here are speculative. Sparids are a speciose and geographically widespread group, and although a strong tendency for sparids to spawn in colder months in areas where water temperatures are higher is evident from the 97 records reviewed here, data were available for only a small proportion of the species-by-location combinations possible. These other combinations provide ample opportunity to test the generality of the pattern described here.
It is tempting to analyse these data in greater detail than has been attempted, but such analyses are probably not warranted. The data available were of variable quality; they were reported in many diVerent ways, and time of spawning was based on data collected using a variety of techniques and judged by a range of criteria. Similarly, the spatial scales that spawning data referred to were variable and sometimes uncertain, so physical variables, such as SST, could only be matched to spawning month in a general way. Because of such diYculties, further, more detailed studies into the timing of sparid spawning and the forces determining that timing are needed. To do this, careful design, using comparable methods for all species in all areas would be valuable if not crucial. Experimental investigations of the physiological tolerances of young and adult sparids would be of particular value. Even if links between temperature, spawning and the distribution of sparids were established unequivocally, it is unlikely that temperature would act alone. There may be many other important variables which may, and probably do, interact with the eVect of water temperature (Bye 1984) . Moreover, these interactions, and the relative importance of diVerent variables, would probably vary from place to place and even from time to time.
As with many marine Wshes, particularly tropical species (Sheaves 1995; McCormick and Makey 1997) , life histories of sparids have not been studied in detail. This is an unfortunate situation because, above all else, the data presented here emphasise that detailed knowledge of life-histories and the requirements of the various lifehistory stages, may be necessary to account for observed species distributions. Indeed, it may well be that subtle inXuences at crucial stages may have far reaching impacts on the distribution and abundance of many species. Furthermore, the eVect of gamete, egg, larval or juvenile tolerances in constraining the distributions of taxa need not be limited to responses to high temperatures. Equally they could be responses to low temperatures, or the level (or range) of other physical, or indeed biological variables.
Three questions concerning the timing of spawning of Wshes were posited in the introduction. To address these: Wrstly, is seems that for sparids the exact timing of spawning is not an unchanging characteristic of a particular species, but varies over the range of the species. Secondly, it seems that SST is at least correlated with, and probably has an inXuence on, the timing of spawning in sparids. Thirdly, the relationship between SST and timing of spawning is not just a species level characteristic but is apparent at the levels of genus and family also.
Consequences
Links between the physiology of early life-history stages and timing of spawning could have direct consequences for patterns of distributions over a number of taxonomic scales. However, the consequences of such links could be much more far reaching. For example, global warming is expected to cause substantial increases in water temperature over the next few decades (Parker 1992; Groger and Plag 1993) . Even if only the direct eVects of temperature rise are considered, and other eVects such as changes to hydrological and nutrient cycles (Gucinski et al. 1990) are ignored, the consequences are manifest. To illustrate, the spawning of warm water sparids in winter is quite diVerent to the timing of spawning of many similar tropical Wshes, such as lutjanids and serranids (Grimes 1987 ; Fig. 10 Progressive increase in deviation in spawning season from the month of minimum sea surface temperature for Pagrus auratus with movement south along the coast of Australia. Comparative data for Hauraki Gulf, New Zealand are also provided. Numbers outside brackets indicate deviation (in months) from the month of minimum sea surface temperature at each site (negative denotes spawning peak before the month of minimum sea surface temperature), numbers in brackets indicate deviation from the month of minimum photoperiod. The latitude range to which southern Australia and New Zealand data apply is given McPherson et al. 1992) , which generally show extended spawning over the warmest part of the year (Cushing 1975) . What would the eVect of global warming be on such species? Species that could not withstand global warming-induced increases in water temperature would be left with two alternatives. Firstly, they could shift their geographic ranges to remain in waters of suitable temperature. Alternatively, if the adults could tolerate the increased water temperatures but gametes, eggs or larvae could not, they could adopt the tactic used by sparids (i.e., spawning in cooler months); as long as they were able to respond fast enough. Indeed, such a response to warming is suggested for the gobiid, Pseudogobius olorum. Biannual spawning of P. olorum in the Swan Estuary in temperate Western Australia is thought to have developed in response to water temperature rises over the last 10,000 years (Gill et al. 1996) . As summer water temperatures increased to a level outside the apparently, rather inXexible spawning temperature range of P. olorum, initial summer spawning is thought to have shifted progressively to produce a spring and an autumn spawning period. If tropical species were forced to shift their spawning season to cooler months, and possibly to reduce the duration of spawning, there could be far reaching consequences for the structure of tropical Wsh faunas and for tropical Wsheries. For example, if timing of spawning and subsequent recruitment changed, reefs or estuaries relying on seasonal hydrographic patterns for larval supply could see impaired recruitment and/or the recruitment of diVerent species (Gucinski et al. 1990 ). In addition larvae relying on seasonal hydrographic patterns for transport to juvenile habitats, could be transported to inappropriate areas (Norcross and Shaw 1984) . This is because the appropriate distribution of eggs and larvae requires precise coupling between spawning and oceanographic transport systems (Norcross and Shaw 1984) . Such changes in recruitment patterns could lead to major shifts in Wsh communities and patterns of biodiversity. The potential implications of global warming induced changes to spawning seasons do not just apply to tropical Wshes. For instance, spawning of cooler water species such as haddock, Merlangius merlangus, and Norway pout, Trisopterus esmarkii, also varies with latitude Hislop (1984) , suggesting similar eVects are possible.
Changes in the timing of recruitment could have additional consequences for the recruits, and Xow-on eVects to other taxa. For instance, spawning and subsequent larval production often appears to be timed to match with periods when appropriate food is likely to be abundant (Robertson et al. 1988) . Accordingly, changes in the timing of spawning could lead to impaired recruitment due to less certainty in the availability of food for larvae. Downstream consequences for other members of trophic webs are diverse and complex. For example, the time of recruitment of larval Wsh to many tropical estuaries matches with peak abundances of an important food; mangrove crab larvae (Robertson et al. 1988) . Consequently, as well as larval Wsh arriving at times when food might be in short supply, mortality rates on larval crabs could be greatly reduced. This could in turn lead to enhanced settlement of mangrove crabs and subsequent increased competition between crabs, or allow the opportunity for increases in the abundance of alternative predators of larval crabs.
